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Abstract
Acute promyelocytic leukemia (APL) is a subtype of acute leukemia characterized by a unique t(15;17) translocation
generating the PML/RARA fusion gene and hybrid oncoprotein. Besides its critical role in leukemogenesis, this genetic
aberration serves as a disease-specific biomarker for rapid diagnosis and monitoring of minimal residual disease (MRD).
Moreover, PML/RARA is specifically targeted by All-trans retinoic acid (ATRA) and arsenic trioxide (ATO), two agents
that synergistically act to induce degradation of the oncoprotein. Large clinical studies including two randomized trials
conducted in newly diagnosed APL patients have shown that the ATRA–ATO combination is superior to conventional
ATRA and chemotherapy both in terms of efficacy and safety. Preliminary studies using oral formulations of arsenic and
ATRA suggest that oral arsenic is as effective and manageable as intravenous ATO. Following early retrospective studies
indicating the prognostic relevance of PML/RARA monitoring, several prospective studies were conducted in large cohorts
of APL patients enrolled in clinical trials with the aim of better assessing the prognostic value of longitudinal PCR testing.
The results consistently showed that molecular remission (defined as negativization of the PCR test for PML/RARA)
correlates with a significantly decreased risk of relapse, whereas persistence of PCR positivity for PML/RARA after
consolidation or conversion from negative to positive during follow-up is strongly associated with hematologic relapse.
Based on these data, various groups started using pre-emptive salvage therapy for patients who persisted PCR-positive after
frontline consolidation or converted from negative to positive PCR during follow-up. Finally, several expert panels have
recommended that molecular remission should be considered a therapeutic objective in APL, and molecular response has
been adopted as a study endpoint in modern clinical trials.

Introduction

Acute promyelocytic leukemia (APL) is a subtype of acute
myeloid leukemia characterized by particular clinical and
biological features. These include bone marrow infiltration

by dysplastic promyelocytes, a unique genetic hallmark in
leukemic cells (namely, i.e., the t(15;17) chromosome
translocation), and a frequent coagulopathy associated with
hemorrhagic diathesis. The disease may occur abruptly and
is associated with high risk of early death (up to 30%
according to population-based studies) mostly due to severe
hemorrhages [1].

Once regarded as the most rapidly fatal leukemia, APL is
nowadays curable in the majority of patients using targeted
therapy only. Critical for favorable outcome are: (i) an early
therapeutic intervention with aggressive supportive care
(platelets and fibrinogen transfusions) to counteract the
coagulopathy; (ii) initiation of specific anti-leukemic ther-
apy with All-trans retinoic acid (ATRA); and iii) correct
diagnostic assessment through identification of specific
genetic aberration [2]. The APL unique t(15;17) transloca-
tion fuses together the promyelocytic leukemia (PML)
and retinoic acid receptor alpha (RARA) genes, located
on chromosomes 15 and 17, respectively, resulting in the
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PML/RARA hybrid gene and oncoportein. This fusion gene
is readily detectable by modern PCR-based techniques,
allowing rapid diagnosis and accurate assessment of the
response to treatment [3].

Until recently, standard frontline treatment of APL has
relied on the simultaneous administration of All-trans reti-
noic acid (ATRA) and anthracycline-based chemotherapy
for induction and consolidation, and low-dose chemother-
apy and intermittent ATRA for maintenance. As shown by
several large multicentre studies, this approach results in the
achievement of molecular remission and long-term disease-
free survival in nearly 80% of patients. However, ATRA
and chemotherapy are associated with significant negative
side effects, including cardiotoxicity, death in remission,
and the occurrence of secondary malignancies [4–6].

More recently, i.v. arsenic trioxide (ATO) and other
arsenic formulations have been introduced in APL therapy.
Both clinical and laboratory studies have shown that ATO is
the most effective agent against this disease because it
induces molecular remission and prolonged survival in a
high proportion of patients when used as (a) single agent
[7–9]. Furthermore, ATO has been shown to act synergis-
tically with ATRA to induce the degradation of the
PML/RARA oncoprotein [10]. Recent studies conducted in
frontline therapy, including two large independent rando-
mized trials, have clearly shown that the ATRA–ATO
combination is superior to ATRA and chemotherapy,
resulting in significantly improved EFS, DFS, and CIR
[11–13]. Moreover, this approach is associated with con-
siderably less toxicity, particularly in terms of myelosup-
pression and infections, occurrence of death in remission,
and development of secondary malignancies. These results
have led to a paradigm shift in the treatment of newly
diagnosed APL: the chemo-free ATRA–ATO approach is
nowadays regarded as the first treatment choice for patients
with non-high-risk APL [14, 15].

The PML/RARA oncoprotein: functions and clinical
relevance

The PML-RARA fusion gene is generated by the breakpoint
in RARA intron 2 and breakpoints in the PML gene, which
may occur in one of three different regions (intron 6, intron
3, and exon 6). When rearranged with RARA exon 2, these
distinct breakpoint locations on PML give rise to long iso-
form, short isoform, and variable PML/RARA isoforms,
respectively [3]. The resulting PML/RARA hybrid protein
impairs the physiological functions of both PML and
RARA, acting as an aberrant retinoic acid receptor with
altered DNA-binding properties. Compared with wild-type
RARA multimers, the PML/RARA multimeric protein has
an increased affinity for a co-repressor complex which
recruits histone deacetylase (HDAC) and ultimately induces

transcriptional repression of genes critical for myeloid dif-
ferentiation [16]. Moreover, PML/RARA induces gene
hypermethylation by recruiting DNA methyltransferases to
target promoters, further contributing to transcriptional
repression. PML/RARA also disrupts the physiological
function of PML by delocalizing the protein from normal
nuclear bodies to microspeckled nuclear particles [17].

Pharmacological doses of ATRA (10–6 M) can release
the differentiation block of APL blasts by degrading the
PML/RARA oncoprotein and thus permitting the release of
the co-repressor complex and recruitment of a coactivator
complex with histone acetylase (HAT) activity [16]. Clini-
cally, ATRA-induced differentiation is insufficient to cure
APL. In fact, almost all patients induced into hematologic
remission with ATRA alone show persistence of residual
disease and ultimately undergo hematological relapse
[18, 19]. By contrast, long-term remission of the disease is
invariably associated with an absence of PML/RARA-
detectable transcripts in patients’ blood and marrow
[20, 21].

PML/RARA degradation is also mediated by arsenic
trioxide, the most active single agent in APL. Unlike
ATRA, ATO targets the PML moiety of PML/RARA and
induces sumoylation of specific cysteine residues located on
PML, resulting in the proteasome-mediated degradation of
the oncoprotein. ATO also exerts its anti-leukemic efficacy
by inducing apoptosis of leukemic cells through caspase
activation and production of ROS [10, 22].

The APL unique t(15;17) aberration and the resulting
PML/RARA fusion transcript and oncoprotein are of utmost
importance for the genetic diagnosis of APL and are readily
detectable at the chromosome-, DNA-level, RNA-level, or
protein-level using conventional karyotyping, fluorescence
in situ hybridization (FISH), and RT-PCR and anti-PML
monoclonal antibodies [2, 3, 17]. All these specific diag-
nostic techniques are valuable for diagnostic purposes and
are accepted for qualifying patients into APL-tailored clin-
ical studies; however PCR-based methods offer the addi-
tional advantage of defining the precise PML/RARA
isoform, which in turn enables more accurate and sensitive
detection of residual disease (PML/RARA transcripts)
during patient follow-up [3].

MRD monitoring in APL: early studies

Initial monitoring studies were carried out retrospectively in
patients treated with ATRA combined or not with che-
motherapy [18, 19]. These studies showed that treatment
with ATRA alone was almost invariably associated with
persistence of PML/RARA transcripts and subsequent dis-
ease relapse. By contrast, when combined with che-
motherapy, ATRA induced molecular remissions in
majority of patients, which translated into a high probability
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of long-term remission and cure, while RT-PCR positivity
at the end of consolidation or conversion from PCR-
negative to positive during follow-up were both strongly
associated with disease relapse [20, 23, 24]. Subsequent
prospective studies consistently confirmed the prognostic
impact of monitoring minimal residual disease in APL
[25, 26]. Diverio et al. reported on 163 patients enrolled in
the Italian GIMEMA AIDA trial and regularly monitored at
pre-established time points using a PCR assay with sensi-
tivity of 10–4. The authors found that 20 out of the 21
patients who converted from PCR-negative to PCR-positive
during follow-up underwent hematologic relapse at a
median time of 3 months from PCR positivity, while only
eight of the 142 patients who tested >2 times as negative
post consolidation (i.e., after 4 total cycles of therapy)
underwent relapse during follow-up (Fig. 1a) [25]. In the
UK-based MRC prospective study on ATRA and che-
motherapy for newly diagnosed APL, a total of 239 patients
were monitored once again adopting a PCR assay
with sensitivity of 10–4. The relapse risk was 57% vs.
27% for patients testing PCR-positive or negative after

consolidation, respectively (P = .006, Fig. 1b) [26]. In both
studies, PML–RARA positivity was frequently detected at
the end of the induction therapy (40–64% of patients) but
was not predictive of relapse, being most probably related to
slower maturation kinetics under the action of ATRA.
Conversely, positivity of RT-PCR at the end of the con-
solidation therapy was highly predictive of the impending
relapse, and conversion from PCR-negative to PCR-positive
during follow-up almost invariably preceded the overt dis-
ease recurrence [25, 26].

In another study conducted in the US, Jurcic et al. [27]
evaluated serial bone marrow samples of APL patients
treated with ATRA and chemotherapy. Forty of the 47
patients who were induced using ATRA alone had residual
disease detectable by RT-PCR before additional therapy.
After three cycles of consolidation therapy, residual disease
was found in only four of 40 evaluable patients. Among the
newly diagnosed patients who had two or more negative
RT-PCR assays, only three of 41 suffered a relapse,
whereas all four patients who had two or more positive
results underwent relapse. These data confirmed that two or
more negative RT-PCR assays on bone marrow, performed
at least 1 month apart after completing therapy, are strongly
associated with long-term remissions. Conversely, a
confirmed positive test was highly predictive of the
relapse [26].

Taken together, the above studies contributed to the
establishment of a new surrogate end point for improved
survival in APL (i.e., molecular remission, defined as
undetectable PML/RARA transcripts using tests with senti-
tivity of 10–4), as recommended in 2003 by an international
working group (IWG) who revised the criteria for diagnosis,
standardization of response assessments, and outcome defi-
nitions for AML [28]. Also, the above studies provided a
rationale for the administration of pre-emptive therapy in
patients experiencing molecular relapse. Indeed, most clin-
ical trials on newly diagnosed APL conducted worldwide
since the publication of the IWG criteria have included
molecular response as a study end point and, in some
instances, the administration of pre-emptive therapy for
patients with persistent or recurrent MRD during follow-up.

Two studies conducted in the pre-ATO era evaluated the
survival benefit for patients treated either in molecular or in
hematologic relapse with the combination of ATRA and
various chemotherapy regimens [29, 30]. The first study
performed by the GIMEMA group on 14 patients in
molecular relapse showed a 2-year survival estimate from
the time of first molecular relapse of 92%, compared with
the 44% 2-year survival rate of the historical series of 37
APL patients treated at the time of hematologic relapse [29].
A subsequent study conducted by the Spanish PETHEMA
group substantially confirmed the GIMEMA data with the
survival outcome of patients treated during molecular

Fig. 1 Relapse risk according to PCR analysis after consolidation
therapy in GIMEMA (a Diverio et al. [25]) and MRC studies (b
Reprinted with permission from Burnett et al. [26])
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relapse comparing favorably to the outcome of those treated
during hematologic relapse (5-year survival: 64% vs. 24%,
P= 0.01) [30]. More recently, a registry study conducted
by the European LeukemiaNet on relapsed APL analyzed
the outcome of APL patients in first relapse treated with
ATO-based salvage therapy followed or not by transplant
procedures [31]. In this study, there was no difference in
the overall survival and cumulative incidence of relapse at
3 years, in comparison with patients treated at hematologic
or molecular relapse (3-year OS: 68% vs. 66%, respec-
tively). However, patients treated at molecular relapse had
better OS in the first year after ATO salvage due to the
absence of deaths in induction and other severe complica-
tions (e.g., differentiation syndrome, bleeding). Notwith-
standing the loss of OS advantage at a longer follow-up, the
lower rates of early deaths and treatment side effects may
still argue in favor of the policy of molecular monitoring,
allowing the institution of pre-emptive treatment [31].

Technical considerations: quantitative RQ-PCR

The routine use of RT-PCR tests for MRD monitoring has
some important limitations: (i) poor-quality samples (e.g.,
degraded RNA) may sometimes not be identified, generat-
ing false-negative results; (ii) the prolonged post-PCR
handling required in the two-step nested RT-PCR procedure
carries a high risk of contamination (false positive); (iii)
unlike RQ-PCR, RT-PCR is unable to distinguish between
decreasing and increasing levels of leukemia-specific tran-
scripts, which would provide relevant information on MRD
kinetics. These caveats were in part resolved in the late 90′s
by the advent of real-time quantitative PCR assays and their
application to leukemia-associated aberrations. An interna-
tional effort to standardize RQ-PCR for leukemia fusion
transcripts, including PML/RARA, was finalized by Gabert
and co-workers in 2003, with the development of standar-
dized protocols for RQ-PCR analysis [32]. A total of 26
European laboratories from ten countries collaborated to
establish a standardized protocol for TaqMan-based RQ-
PCR. This collaborative work established primers and
probes design, experimental conditions, standards for con-
trol gene, and result interpretation and became a highly
quoted reference in MRD studies for leukemia. For the
PML/RARA hybrid, the assay described by Gabert et al.
had a sensitivity of 10–4 [32]. As for nested PCR, a status of
molecular remission when using RQ-PCR assay is con-
ventionally defined at undetectable PML/RARA transcripts
using a test yielding a sensitivity of 10–4.

Prospective studies using RQ-PCR

A prospective study using RQ-PCR was undertaken by
investigators of the UK NCRI trial involving a large cohort

of 406 newly diagnosed APL patients treated with ATRA
and chemotherapy [33]. A total of 6727 serial peripheral
blood (PB) and bone marrow (BM) samples were analyzed
by RQ-PCR for the PML/RARA transcript, with a median
assay sensitivity of 10–4 [2]. MRD monitoring according to
the recommended schedule (i.e., after each cycle of therapy
and at 3-month intervals during follow-up) successfully
identified the majority of patients subjected to relapse and
proved the most powerful predictor of relapse-free survival
(RFS) in multivariable analysis (hazard ratio, 17.87; 95%
CI, 6.88–46.41; P < .0001); MRD monitoring was far
superior to presenting WBC (hazard ratio, 1.02; 95% CI,
1.00–1.03; P= .02), which is currently widely used to
guide the therapy. In patients predicted to experience
relapse on the basis of MRD monitoring, early treatment
intervention with arsenic trioxide prevented progression to
overt relapse in the majority of cases. In the same study, the
authors also compared the predictive value of BM vs. PB
monitoring using paired patient samples. They reported that
molecular conversion from RQ-PCR-negative to positive in
BM preceded that in PB in 7/12 patients evaluated by a
median of 29 days (range 14–72 days), indicating BM as the
preferred sampling source in this disease [33]. In addition to
highlighting the capacity of MRD monitoring in detecting
early relapse before overt clinical recurrence, this pro-
spective study also identified the challenges of an effective
MRD monitoring. In fact, the rapid kinetics of APL relapse
imposes a stringent sampling schedule in order to timely
deliver salvage therapy, which implies optimal compliance
to MRD sampling from either physicians or patients. In
addition, the rarity of the disease and the need of high-level
expertize suggest that monitoring should be performed
using central reference laboratories, which in turn may pose
logistic and organizational challenges.

Another prospective study employing RQ-PCR con-
ducted by the PETHEMA cooperative group in the context
of ATRA and chemotherapy found no correlation between
molecular status after induction and relapse risk, whereas
after the third consolidation course, two out of three cases
(66%) with positive RQ-PCR relapsed compared with 16
out of 119 (13%) patients in the post-consolidation RQ-
PCR-negative group. In addition, the value of RQ-PCR
testing in relapse prediction was confirmed during main-
tenance therapy and out-of treatment assessments, in which
all patients with >10 PML/RARA normalized copy num-
bers (NCN) (n= 19) underwent relapse and all patients with
<1 NCN at the end of the study remained in hematologic
remission (P < 0.0001) [34].

To monitor the dynamics of PML/RARA transcript in
patients treated with ATO and ATRA, Ia prospective Chi-
nese study by Hu et al. [35] employed RQ-PCR to analyze
the kinetics of molecular response in newly diagnosed APL
patients. A total of 31 patients received ATO–ATRA
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induction followed by three cycles of consolidation che-
motherapy. The authors reported significantly decreased
PML/RARA transcripts (i.e., an average reduction of
greater than 2-log) after induction therapy and further
reduced levels below 10–4 at the end of consolidation
therapy, with an average 5-logs reduction (Fig. 2). During
maintenance therapy and throughout follow-up, those
patients in continuous remission displayed consistently low
or undetectable levels of PML/RARA (5-log reduction).

More recently, two independent randomized clinical
trials were carried out in the UK, Italy, and Germany to
compare ATRA–ATO vs. ATRA and chemotherapy in
newly diagnosed APL patients [12, 13]. In both studies, a
protocol-predefined MRD assessment was planned upfront,
and the molecular response represented a study objective.
As for the APL0406 trial, EFS was chosen as a primary
study objective, and a persistence of detectable PML/RARA
transcripts at the end of consolidation (i.e., after a total of 4
cycles in each arm) was counted as an event. The results of
MRD monitoring for 184 Italian patients enrolled in the
Italian–German APL0406 study have recently been reported
[36]. In keeping with the previous observations, a high
proportion of patients (>60%) tested positive for PML/
RARA after induction therapy (Fig. 3). Log-reduction of
PML/RARA transcripts after induction was significantly
greater in patients receiving ATRA–CHT compared with
those treated with ATRA–ATO (3.4 vs. 2.9 logs; P=
0.0182). Conversely, at the end of the consolidation, only
one patient tested positive in the ATRA–CHT group, and a
greater log-reduction of PML/RARA transcripts was
observed in the ATRA–ATO group compared with
ATRA–CHT (6.3 vs. 5.3 logs; P= 0.0024). In line with the
data published in studies using ATRA plus chemotherapy,
PML/RARA levels at the time point of post-induction were
not predictive of subsequent relapse, likely reflecting more
delayed blast cell maturation in the ATRA–ATRO setting,

in comparison with ATRA and chemotherapy. This study
further confirmed that post-consolidation assessment is the
most appropriate and informative time point for evaluating
molecular response to treatment in patients with APL trea-
ted with ATRA and ATO [36].

In the Italian–German and UK randomized trials
[12, 13], the cumulative incidence of molecular relapse
in patients treated with ATRA–ATO was extremely low
(1.5 and 2%, respectively). Together with other experiences
[11, 37], these studies demonstrate that nearly all low-
intermediate risk APL patients treated with ATRA plus
ATO who achieve molecular remission after consolidation
are likely cured of their disease. These data obviously
question the cost-effectiveness of prolonged MRD mon-
itoring beyond the achievement of molecular remission,
also in light of a potentially negative impact on patients’
quality of life. Hence, the role of MRD monitoring will be
probably redefined in the near future, at least in the setting
of low-intermediate risk patients.

Zhu and collaborators analyzed the kinetics of PML/
RARA transcripts also in 93 patients receiving oral arsenic
(realgar indigo naturalis formula or RIF) and ATRA [38]. In
this randomized, non-inferiority study, comparing induction
therapy with i.v. ATO–ATRA or oral RIF and ATRA,
patients were given three cycles of chemotherapy after
induction and then maintenance with ATRA–ATO or
ATRA–RIF. As shown in Fig. 4, in both groups, the levels
of PML/RARA transcripts decreased only slightly after
induction and were undetectable after consolidation with no
significant difference between the treatment arms. The same
authors subsequently reported the results of a pilot study on
20 patients with non-high-risk APL treated with oral arsenic
and ATRA and without any chemotherapy for a total of
7 months [39]. Interestingly, the primary end point in this
study was complete molecular response, defined as a
negative test using quantitative PCR to detect PML/RARA

Fig. 2 PML–RARA transcript clearance (RQ-PCR) after ATO–ATRA
induction and CHT consolidation (Hu et al. [35])

Fig. 3 PML–RARA transcript clearance (RQ-PCR) after ATRA-ATO
and ATRA–CHT in APL0406 trial
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transcripts. The rate of complete molecular remission was
65% at 3 months and 100% at 6 months. After a median
follow-up of 48 months (range 42–53 months), all patients
remained alive and disease-free (Dr. H.H. Zhu, personal
communication).

The time points for minimal residual disease monitoring
and correlation with clinical outcomes described in previous
trials are summarized in Table 1.

Summary and conclusions

Several lines of evidence indicate that molecular response is
a valuable end point for clinical trials in APL. In fact: (i) a
disease-specific biomarker, the PML/RARA fusion gene, is
available in 100% of patients. Not only does this represents
an APL unique lesion with well-established pathogenetic
role, but also the target of specific agents active in this
leukemia; (ii) molecular assays to sensitively measure
residual PML/RARA transcripts (including RQ-PCR tests)
have been standardized and used for many years in the
context of controlled clinical trials; (iii) the results of such
studies have led to the establishment of the predictive role
of residual disease in relation to risk of relapse; to the
adoption early pre-emptive therapy as means to avoid overt
relapse; and to the identification of molecular remission
after induction and consolidation as a surrogate early end-
point for improved survival; (iv) expert panels including the
US IWG and NCCN, Canadian consensus, and the Eur-
opean LeukemiaNet have recommended to assess molecular
response after consolidation as a therapeutic objective in
APL. As a result, most completed or ongoing controlled
studies in APL front-line therapy include molecular
response among secondary or even primary study objective
(s). Finally, it is important to note that a rapidly achievable
surrogate end point, such as molecular remission at post-
consolidation, would allow the scientific community to

Fig. 4 PML–RARA transcript reduction after RIF (oral tetra-arsenic
tetra-sulfide) and i.v. ATO (Reprinted with permission from Zhu et al.
[38])
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obtain clear answers related to drug efficacy in a timely
manner.
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